Within the framework of QCD factorization (QCDF), power corrections due to penguin annihilation can account for the observed rates of penguin-dominated two-body decays of B mesons and direct CP asymmetries
Introduction
The primary goal and the most important mission of B factories built before millennium is to search for CP violation in the B meson system. In the past decade, BaBar and Belle have measured direct CP asymmetries for many charmless hadornic B decays, but only six of them have significance large than 3σ and six with significance between 3.0σ and 1.8σ (see Table 1 ). In the B s system, CDF has measured A CP (B s → K + π − ) = 0.39±0.17 with S = 2.3σ [2] . Table 1 : Measured CP asymmetries (in units of %) and their significance for some of charmless B decays. Data are taken from [1] . 
, whereas experimentally ∆A Kπ differs from zero by 5.3σ effect. This is the so-called Kπ CP puzzle.
Generally, the physics behind nonleptonic B decays is extremely complicated. Nevertheless, it is greatly simplified in the heavy quark limit m b → ∞ as the decay amplitude becomes factorizable and can be expressed in terms of decay constants and form factors. However, this simply approach encounters several major difficulties: (i) the predicted branching fractions for penguindominatedB → PP, VP, VV decays are systematically below the measurements [3] and the rates for colorsuppressed tree-dominated decaysB
with experiment in signs, and (iii) the transverse polarization fraction in penguindominated charmless B → VV decays is predicted to be very small, while experimentally it is comparable to the longitudinal polarization one. All these indicate the necessity of going beyond zeroth 1/m b power expansion.
Let us first consider power corrections to the QCD penguin amplitude of theB → PP decay which has the generic expression
where λ
, a 4, 6 are the effective Wilson coefficients and r P χ is a chiral factor of order unity. Possible power corrections to penguin amplitudes include long-distance charming penguins, finalstate interactions and penguin annihilation characterized by the parameters β u,c 3 . In the so-called "S4" scenario of QCDF [3] , power corrections to the penguin annihilation topology characterized by λ u β u 3 + λ c β c 3 are added to Eq. (1). By adjusting the magnitude and phase of β 3 in this scenario, all the above-mentioned discrepancies except for the rate deficit problem with the decaysB 0 → π 0 π 0 , ρ 0 π 0 can be resolved.
New CP puzzles
However, a scrutiny of the QCDF predictions reveals more puzzles with respect to direct CP violation. While the signs of CP asymmetries in K − π + , K − ρ 0 modes are flipped to the right ones in the presence of power corrections from penguin annihilation, the signs of
η will also get reversed in such a way that they disagree with experiment. In other words, in the heavy quark limit the CP asymmetries of these five modes have the right signs when compared with experiment.
The aforementioned direct CP puzzles indicate that it is necessary to consider subleading power corrections other than penguin annihilation. For example, the large power corrections due to P ′ cannot explain the ∆A Kπ puzzle as they contribute equally to both
The additional power correction should have little effect on the decay rates of penguin-dominated decays but will manifest in the measurement of direct CP asymmetries. Note that all the "problematic" modes receive a contribution from c
A , we can consider this puzzle resolved, provided that c ′ /t ′ is of order 1.3 ∼ 1.4 with a large negative phase (|c ′ /t ′ | ∼ 0.9 in the standard short-distance effective Hamiltonian approach). There are several possibilities for a large complex c ′ : either a large complex C ′ or a large complex electroweak penguin P ′ EW or a combination of them. Various scenarios for accommodating large C ′ [5] [6] [7] [8] or P ′ EW [9] have been proposed. To get a large complex C ′ , one can resort to spectator scattering or final-state interactions. However, the general consensus for a large complex P ′ EW is that one needs New Physics beyond the Standard Model because it is well known that P ′ EW is essentially real in the SM as it does not carry a nontrivial strong phase [10] .
In principle, one cannot discriminate between these two possibilities in penguin-dominated decays as it is always the combination c ′ = C ′ + P ′ EW that enters into the decay amplitude except for the decays involving η and/or η ′ in the final state where both c ′ and P ′ EW present in the amplitudes [11] . Nevertheless, these two scenarios will lead to very distinct predictions for tree-dominated decays where P EW ≪ C. (In penguin-dominated decays, P ′ EW is comparable to C ′ due to the fact that λ
u .) The decay rates ofB 0 → π 0 π 0 , ρ 0 π 0 will be substantially enhanced for a large C but remain intact for a large P EW . Since P EW ≪ C in tree-dominated channels, CP puzzles with π − η and π 0 π 0 cannot be resolved with a large P EW . Therefore, it is most likely that the color-suppressed tree amplitude is large and complex. In other words, the B → Kπ CP puzzle can be resolved without invoking New Physics.
It should be remarked that the aforementioned B-CP puzzles with the
0 modes also occur in the approach of soft-collinear effective theory (SCET) [12] where the penguin annihilation effect in QCDF is replaced by the long-distance charming penguins. The B-CP puzzles mentioned here are relevant to QCDF and may not occur in other approaches such as pQCD [13] owing to a different treatment of endpoint divergence in penguin annihilation diagrams (see Table  2 below)
In this work we shall consider the possibility of having a large color-suppressed tree amplitude with a sizable strong phase relative to the color-allowed tree amplitude [14] 
As will be discussed below, the long-distance contribution to a 2 can come from the twist-3 effects in spectator rescattering, while an example of final-state rescattering contribution to C will be illustrated below.
Power corrections to a 2
Following [14] , power corrections to the colorsuppressed topology are parametrized as
with the unknown parameters ρ C and φ C to be inferred from experiment. We shall use [14] ρ C ≈ 1.3 , 0.8 , 0,
forB → PP, VP, VV decays, respectively. This pattern that soft power corrections to a 2 are large for PP modes, moderate for VP ones and very small for VV cases is consistent with the observation made in [15] that soft power correction dominance is much larger for PP than VP and VV final states. It has been argued that this has to do with the special nature of the pion which is abound state on the one hand and a nearly massless Nambu-Goldstone boson on the other hand [15] . What is the origin of power corrections to a 2 ? There are two possible sources: hard spectator interactions and final-state interactions. From Eq. (5) we have the expression
for a 2 . The hard spectator term H 2 (M 1 M 2 ) reads
where
Power corrections from the twist-3 amplitude Φ m are divergent and can be parameterized as
Since c 1 ∼ O(1) and c 9 ∼ O(−1.3) in units of α em , it is clear that hard spectator contributions to a i are usually very small except for a 2 and a 10 . Indeed, there is a huge cancelation between the vertex and naive factorizable terms so that the real part of a 2 is governed by spectator interactions, while its imaginary part comes mainly from the vertex corrections [16] . The value of a 2 (Kπ) ≈ 0.51 e −i58
• needed to solve the B → Kπ CP puzzle corresponds to ρ H ≈ 4.9 and φ H ≈ −77
• . Therefore, there is no reason to restrict ρ H to the range 0 ≤ ρ H ≤ 1. A sizable color-suppressed tree amplitude also can be induced via color-allowed decay B − → K − η ′ followed by the rescattering of
Recall that among the 2-body B decays, B → Kη ′ has the largest branching fraction, of order 70 × 10 −6 . This final-state rescattering has the same topology as the color-suppressed tree diagram [17] . One of us (CKC) has studied the FSI effects through residual rescattering among PP states and resolved the B-CP puzzles [18] .
Kπ CP puzzle
The CP asymmetry ofB 0 → K − π + can be expressed as
with
In the absence of penguin annihilation, direct CP violation ofB . This also explains why CP asymmetries of penguin-dominated decays in the QCDF framework will often reverse their signs in the presence of penguin annihilation.
The decay amplitude of
If the color-suppressed tree and electroweak penguin amplitudes are negligible, it is obvious that the amplitude of K − π 0 will be the same as that of K − π + except for a trivial factor of 1/ √ 2.
The imaginary part of r C is rather small because of the cancelation of the phases between α 2 and α The QCDF predictions of direct CP asymmetries are summarized in Table 2 . The pQCD results are also listed for comparison. In the pQCD approach, the predictions for some of the VP modes, e.g.
are very large, above 50%. This is because QCD penguin contributions in these modes are small, and direct CP violation arises from the interference between tree and annihilation diagrams. The strong phase comes mainly from the annihilation diagram in this approach. [19] . Experimental measurements are from [1] . 
Mixing-induced CP violation
Possible New Physics beyond the Standard Model is being intensively searched via the measurements of time-dependent CP asymmetries in neutral B meson decays into final CP eigenstates defined by
where ∆m is the mass difference of the two neutral B eigenstates, S f monitors mixing-induced CP asymmetry and A f measures direct CP violation (note that C f = −A CP ). Since the theoretical calculation of S f depends on the input of the angle β or sin 2β, it is more sensible to consider the difference ∆S f ≡ −η f S f − sin 2β (14) for penguin-dominated decays. Predictions and the data of ∆S f are listed in Table  3 . The decay modes η ′ K S and φK S appear theoretically very clean in QCDF; for these modes the central value of ∆S f as well as the uncertainties are rather small. By sharp contrast, the theoretical errors in pQCD predictions for both S η ′ K S and S ηK S arising from uncertainties in the CKM angles α and γ are very large [20] . This issue should be resolved. 
